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Germline P granules are specialized protein/RNA aggregates 
that are found exclusively in germ cells in C. elegans. During 
the early embryonic divisions that generate germ blastomeres, 
aggregate-prone P granule components PGL-1 and PGL-3 that 
remain in the cytoplasm destined for somatic daughters are selec-
tively removed by autophagy. Loss-of-function of components of 
the autophagy pathway, including the VPS-34/BEC-1 complex, 
causes  accumulation  of  PGL-1  and  PGL-3  into  aggregates  in 
somatic cells (termed PGL granules). Formation of PGL granules 
depends on SEPA-1, which is an integral component of these 
granules. SEPA-1 is preferentially degraded by autophagy and 
is also required for the autophagic degradation of PGL-1 and 
PGL-3. SEPA-1 functions as a bridging molecule in mediating 
degradation  of  P  granule  components  by  directly  interacting 
with PGL-3 and also with the autophagy protein LGG-1/Atg8. 
The defect in embryonic development in autophagy mutants is 
suppressed  by  mutation  of sepa-1,  suggesting  that  autophagic 
degradation of PGL granule components may provide nutrients 
for embryogenesis and/or also prevent the formation of aggre-
gates that could be toxic for animal development. Our study 
reveals a specific physiological function of selective autophagic 
degradation during C. elegans development.
Several Germline P Granule Components are Removed 
by Autophagy in Somatic Cells During C. elegans 
Embryogenesis
Germ granules are restricted to the germ cells of many higher 
eukaryotes  and  are  believed  to  carry  germ  cell  determinants.1 
Germ granules in C. elegans, also known as P granules, are mater-
nally contributed and are dispersed throughout the cytoplasm of 
a newly fertilized embryo.2 During each of the four sequential 
asymmetric divisions that generates a somatic founder cell and a 
germline daughter, P granules are progressively partitioned to the 
germline blastomeres P1, P2, P3 and finally to P4. In early P cells 
(P0 and P1), P granules migrate toward the posterior cortex that 
is destined for the germline daughter cell.3 In late P cells (P2 and 
P3), P granules associate with the nucleus, move with it and when 
the  nuclear  membrane  breaks  down,  they  are  deposited  in  the 
cytoplasm that will be inherited by the germline blastomere.3 P4 
divides once during embryogenesis, generating two germ precursor 
cells Z2 and Z3, which give rise to the germline during postem-
bryonic development.2 P granules contain multiple components 
that are associated with germline cells at all developmental stages 
(constitutive  components)  or  only  during  early  embryogenesis 
(transient components).2
By following the partition of fluorescence-labeled P granules, 
Strome and colleagues demonstrated that during each asymmetric 
division, some P granules are left in the cytoplasm destined for 
the somatic daughter cell and these P granules are quickly disas-
sembled and/or degraded.3 Seydoux and colleagues later showed 
that  some  transient  P  granule  components,  including  PIE-1, 
MEX-1 and POS-1, are degraded in somatic cells by the ubiquitin 
degradation system.4,5 We demonstrated that PGL-1 and PGL-3, 
two  constitutive  components  of  P  granules,6  are  removed  by 
autophagy,7 a major catabolic degradation system that is involved 
in  eliminating  protein  aggregates  and  damaged  or  superfluous 
organelles.8,9  Mutations  affecting  proteins  involved  in  various 
steps of autophagosome biogenesis, including the two ubiquitin-
like pathways, the Atg1/Atg13 complex and the Atg9 recycling 
complex, result in accumulation of PGL-1 and PGL-3 into PGL 
granules in somatic cells.7
The VPS-34/BEC-1 Complex is Required for Degradation of 
PGL Granule Components
The phosphatidylinositol 3-kinase Vps34 and its binding partner 
Beclin 1 are essential for formation of autophagosomes in yeast and 
mammalian cells.8 Mutations in vps-34 and bec-1, encoding the 
C. elegans homolog of Vps34 and Beclin 1, respectively, cause an 
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embryonic lethal phenotype. We showed that vps-34 
and bec-1 mutant embryos derived from heterozygous 
mothers do not exhibit accumulation of PGL granules 
in somatic cells.7 This could be because degradation 
of PGL-1 and PGL-3 is independent of the VPS-34/
BEC-1 complex, or because the levels of VPS-34 and 
BEC-1 contributed by the heterozygous mothers (much 
of the C. elegans germline is syncytial, with each nucleus 
partially enclosed by plasma membrane) are sufficient 
to mediate degradation of PGL-1 and PGL-3 during 
embryogenesis. To distinguish between these two possi-
bilities, we rescued the embryonic lethal phenotype of 
vps-34 mutants with an unstable (extrachromosomal) 
transgenic array containing multiple wild-type copies 
of vps-34. Transgenes are generally silenced in germline 
cells  in  C.  elegans.10  Thus,  a  fraction  of  embryos 
(varying among transgenic lines) derived from vps-34; 
Ex(vps-34(+)) animals would lose the transgenic array 
and  also  would  lack  maternally-loaded  VPS-34.  We 
found that PGL-1- and PGL-3-positive granules were 
detected in somatic cells in some embryos derived from 
vps-34; Ex(vps-34(+)) animals (Fig. 1A–D). Similarly, 
PGL granules were formed in somatic cells in bec-1 
mutant  embryos  derived  from  bec-1;  Ex(bec-1(+)) 
animals (Fig. 1E and F). Therefore, autophagic degra-
dation  of  PGL  granule  components  depends  on  the 
VPS-34/BEC-1 complex.
SEPA-1 Functions as an Adaptor Linking 
PGL Granule Components to the Autophagic 
Machinery
The  formation  of  PGL  granules  in  autophagy 
mutants and the degradation of PGL granule compo-
nents depend on the novel protein SEPA-1.7 SEPA-1 
is colocalized with PGL-1 and PGL-3 in PGL granules 
in  autophagy  mutants.  Simultaneous  depletion  of 
sepa-1  activity  in  autophagy  mutants  causes  diffuse  localization 
of PGL-1 and PGL-3 in the cytoplasm. SEPA-1 directly associ-
ates with PGL-3. PGL-1 associates with PGL-3,6 but not with 
SEPA-1. Consistent with this, PGL-3 is required for accumulation 
of PGL-1 into PGL aggregates.7 The assembly of PGL granules in 
somatic cells, thus, is different from that of P granules in germline 
cells. PGL-1 and PGL-3 depend on the RNA helicase GLH-1 for 
their localization in P granules in germline cells,6,11,12 but PGL-3 
is not required for the assembly of PGL-1 into P granules.6 GLH-1 
is not detected in PGL granules in somatic cells, whereas SEPA-1 
is not detected in germline cells.7 P granules are associated with 
the outer surface of the nuclear envelope at all stages of germline 
development except oogenesis and early embryogenesis,2 whereas 
PGL granules are dispersed in the cytoplasm (Table 1).7
SEPA-1 is preferentially removed by autophagy during embryo-
genesis. SEPA-1 forms aggregates via its self-association domain.7 
The  number  of  SEPA-1  aggregates  is  high  in  early  embryos 
but  dramatically  decreases  by  the  comma  stage.  In  autophagy 
mutants, SEPA-1 aggregates persist in late stage embryos and also 
in larvae. Self-association of SEPA-1 is critical for its degradation 
by  autophagy.  SEPA-1  also  functions  as  an  adaptor  protein  in 
mediating the degradation of PGL components by autophagy.7 
PGL-1 and PGL-3 fail to be removed and are diffusely localized 
in somatic cells in sepa-1 mutants. Degradation of PGL-1 also 
depends on PGL-3.7 In contrast, neither PGL-1 nor PGL-3 is 
required for removal of SEPA-1. SEPA-1 is selectively recognized 
Autophagic degradation of P granules
Table 1    Distinct properties of germline P granules and 
somatic PGL granules
          Composition        Requirement for  Localization 
              accumulation of 
            PGL family members 
              into granules 
  GLH-1  SEPA-1  PGL-1  PGL-3
germline P granules  +  -  GLH-1  GLH-1  perinuclear
somatic PGL granules  -  +  SEPA-1, PGL-3  SEPA-1  cytoplasmic
Figure 1. Loss of function of vps-34 and bec-1 causes accumulation of PGL granules in 
somatic cells. (A and B) Immunostaining with anti-PGL-3 antibody shows that endog-
enous PGL-3 is restricted to germ precursor cells Z2 and Z3 in a wild-type embryo. (B): 
DAPI image of the embryo shown in (A). (C–F) PGL-3 also accumulates into granules in 
somatic cells in vps-34 (C) and bec-1 (E) mutant embryos. A fraction of embryos derived 
from vps-34; Ex(vps-34(+)) and bec-1; Ex(bec-1(+)) animals show somatic PGL granules. 
(D and F) DAPI images of the embryos shown in (C and E), respectively.©2009 Landes Bioscience. Do not distribute.
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by the autophagic machinery through its direct interaction with 
LGG-1/ATG8. Binding of LGG-1/ATG8 to SEPA-1 could trigger 
a cascade of events, leading to the formation of autophagosome 
structures  and  their  subsequent  degradation  by  lysosomes. The 
phosphatidylethanolamine  (PE)-conjugated  Atg8  is  localized  to 
both  inner  and  outer  membranes  of  autophagosome  struc-
tures.9,13 The Atg8-PE on the outer membrane is recycled by the 
cysteine protease Atg4 during autophagosome maturation, whereas 
Atg8-PE on the inner membrane is degraded by lysosomes.9,13 
Whether SEPA-1 specifically binds to the inner membrane of the 
autophagosome remains to be elucidated.
Degradation of Maternally Derived Factors by Autophagy 
During Oocyte to embryo Transition
The C. elegans embryo is enclosed by a tough shell that is imper-
meable to most solutes, and the development of C. elegans embryos 
from the one-cell stage to 558 cells relies on the degradation of 
maternally-loaded factors rather than external nutrients. Loss of 
autophagy activity causes defects in embryo development. It has 
been suggested that autophagy plays a role in degradation of yolk, 
the main energy resource for embryogenesis.14 Autophagic degra-
dation of P granules that remain in somatic cells may also provide 
nutrients for embryogenesis. We found that the defect in embryo-
genesis in atg-18 mutants was suppressed by the sepa-1 mutation. 
51.6% of embryos (n = 279) failed to develop into larvae in atg-18 
mutants, whereas only 23.5% of embryos (n = 272) were arrested 
at embryonic stages in sepa-1; atg-18 double mutants. This suggests 
that formation of PGL aggregates in autophagy mutants could be 
detrimental to embryonic development.
Autophagy is also essential for preimplantation development of 
mouse embryos.15 atg5-/- embryos fail to develop beyond the four- 
and eight-cell stage and protein synthesis is dramatically reduced.15 
Autophagy  activity  is  activated  by  fertilization  and  upregulated 
in early embryos.15 Autophagy could be involved in generating 
nutrients and/or in degradation of maternally provided aggregate-
prone proteins that would be harmful during later development. 
Thus, autophagy appears to be generally involved in degradation 
of maternally-derived factors during the transition from oocyte to 
embryo.
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